Fifteen plant polyphenols, including flavonoids, cinnamic acids, coumarins and capsaicin, were investigated for their capacity to suppress cell growth and regulate the cell cycle of in vitro human ovarian carcinoma (2008 cell line) and cervix squamous carcinoma cells (A431), and their cisplatin (CDDP)-resistant subclones (C13 and A431Pt, respectively). Evaluation of the cytotoxic effects of the polyphenols (0.01-100 µM) indicated that especially rhein and quercetin were almost equiactive in wild type and CDDP-resistant cells, indicating lack of cross-resistance with cisplatin. Capsaicin was more potent in CDDP-resistant subclones than in wild type cells. The order of their potencies is flavonoids > anthraquinones > vanilloids > coumarins > phenols, cinnamic acids. The natural phenols which were most cytotoxic (rhein, quercetin and capsaicin) were able to cause the arrest of the cancer cell cycle, suggesting that specific cell cycle regulatory proteins are possibly involved in their intracellular mechanism of action. In particular, the natural compounds were revealed to be more active in CDDP-resistant cells than in wild types, especially inducing apoptotic death.
Deregulation of cell cycle and apoptosis are frequent occurrences in cancer development. The apoptosis process was first described in 1972 [1] , but its physiological significance was not fully appreciated until years later [2] . Apoptosis is known to be a very important mechanism in the anticancer effects induced by chemopreventive and chemotherapeutic agents [3] . However, toxicity and poor tolerance to current chemotherapeutic drugs are still important issues. Moreover, the increasing occurrence of antitumor drug resistance is another topic of interest [4] .
Chemoprevention is defined as a pharmacological approach used to arrest or reverse cancer development (i.e., carcinogenesis) before invasion and metastasis occur [5] . Consequently, the identification and development of cancer chemopreventive agents, such as natural phenols [6] , has become a most relevant issue in public healthrelated research. Phenolic compounds are one of the most numerous and ubiquitous groups of plant metabolites, being a significant part of human diet.
The NCI has identified about 35 plant-based foods that possess cancer-preventive properties [7] . These include garlic, soybeans, ginger, onion, turmeric, tomatoes and cruciferous vegetables (for example, broccoli, cabbage, cauliflower and Brussel sprouts). Numerous in vitro and in vivo animal models of carcinogenesis, as well as epidemiological studies, have been conducted to evaluate the ability of specific edible plants to prevent cancer [8] . Many polyphenols with several different structures have been studied, but current understanding of the relationships between their chemical structures and antiproliferative properties is still limited. In the present study, plant polyphenols, which were selected based on their chemical structures, were investigated for their capacity to suppress cell growth and regulate the cell cycle of in vitro human ovarian and cervix cancer cells, both wild type and cisplatin (CDDP)-resistant subclones. Backbone structures of selected plant polyphenols include flavonoids (chalcones, flavanones, flavones and isoflavones), cinnamic acids and coumarins. Polyphenols in each sub-class were selected according to their substitution groups and substitution positions.
Cytotoxic effects: The 15 plant polyphenols investigated were grouped as anthraquinones, cinnamic acids, coumarins, flavonoids, phenols and vanilloids, according to their backbone structures. Cytotoxic effects of the polyphenols (0.01-100 µM) were evaluated in human ovarian carcinoma (2008) and human cervix squamous carcinoma (A431) cells and in their CDDP-resistant variants (C13 and A431Pt, respectively). CDDP was selected as the reference antineoplastic drug. Table 1 presents IC 50 values for each cell line, obtained from concentration-response curves. As expected, CDDP was more potent in wild type cancer cells (0.19 µM and 0.78 µM in A431 and 2008 cells, respectively) than in resistant subclones (3.5 µM and 5.4 µM in A431Pt and C13, respectively). By contrast, especially rhein (in A431/A431Pt) and quercetin were almost equiactive (or even more active) in wild type and CDDP-resistant cells, indicating lack of cross-resistance with cisplatin. Capsaicin was more potent in CDDP-resistant subclones (50 µM and 30 µM in C13 and A431Pt cells) than in wild type cells (91 µM and 42 µM in 2008 and A431, respectively). The order of their potencies is flavonoids > anthraquinones > vanilloids > coumarins > phenols, cinnamic acids. All cinnamic acids, coumarins, phenol compounds, alizarin and rutin tested presented IC 50 values >100 µM.
Cell cycle and apoptosis:
The effect of quercetin, rhein and capsaicin on cell cycle and apoptosis was tested by flow cytometry in the two tumour cell lines and in their CDDP-resistant variants. Cells were incubated for 24 hours with 10 µM drug; results are reported in Figure 1 (2008 and C13 cell lines) and Figure 2 (A431 and A431Pt cell lines). All four cell lines showed the typical distribution profile of the different cell cycle phases. In both ovarian cancer cell lines, rhein changed the profile of the cell cycle ( Figure  1) ; rhein altered the cell cycle also in both cervix squamous carcinoma lines ( Figure 2 ), but the most relevant change was the appearance of a well observable sub-G 0 /G 1 phase (sub-G 0 /G 1 phase is considered as an index of apoptosis). In the A431Pt cell line, compared with its wild type A431, an increase of the G 2 /M phase was detected, as well as a reduction of the S phase. Capsaicin induced alterations of cell cycle phases only in CDDPresistant cell lines ( Figures 1 and 2) ; in particular, the reduction of the S and G 2 /M phases is more evident in human cervix squamous carcinoma than in human ovarian carcinoma. In both wild type cell lines, no apparent change of cell cycle profile was observed. In A431Pt cells, a well evident apoptotic sub-G 0 /G 1 phase was detected ( Figure 2 ).
ROS:
In basal conditions, 2008 cells showed approximately a 3-fold higher ROS production as compared with C13 cells (Figure 3) , confirming our previous data [9] . In basal conditions, A431 cells showed a ROS level not statistically different from that of A431Pt cells. After 1 hour incubation with rhein (50 µM), ROS production in 2008 and C13 cells increased further by ~ 2-fold in both cell lines, while in A431/A431Pt cells the ROS level was not modified. Quercetin increased ROS production in all cell lines. In particular, in both ovarian cancer cell lines, 10 µM quercetin further increased the ROS level by ~ 2-fold, while at 50 µM concentration only 2008 cells showed ROS production similar to basal conditions. In A431/A431Pt cells, quercetin caused a concentration-dependent increase of intracellular ROS level by ~1.5-fold in both cell lines. Capsaicin did not affect ROS production.
It is generally assumed that compounds naturally present in the diet are important regulators of cell proliferation and specific modulators of cell cycle-associated proteins. The present study provides evidence that dietary agents have the ability to control cell cycle progression in cancer cells, and therefore may suggest a possible role in inhibiting the progression of cancer. Our pharmacological characterization of the activity of natural phenols in human carcinoma cell lines indicated that, among the several investigated compounds, rhein (anthraquinone), quercetin (flavonoid) and capsaicin (vanilloid) at micromolar concentrations cause cytotoxicity both in wild type and CDDP-resistant cells. Although the natural compounds revealed a lower cytotoxicity in comparison with CDDP, it is noteworthy that in CDDP-resistant cells the tested compounds do not show differences compared with the wild type counterparts.
Arrest of cell cycle at the G 1 /S phase is a necessary step of cancer chemoprevention treatment. Thus a series of new agents targeting either cell cycle arrest or premature checkpoint exit, has been developed to promote apoptosis of tumor cells [10] . Following this research approach, in the present study the activity of selected natural phenols was tested regarding their ability to alter the cell cycle and induce apoptosis in cancer cell lines. Interestingly, the natural phenols here selected from the cytotoxicity studies (rhein, quercetin and capsaicin) caused the arrest of the cancer cell cycle, suggesting that specific cell cycle regulatory proteins are possibly involved in their intracellular mechanism of action. In particular, rhein, quercetin and capsaicin were revealed to be more active against CDDP-resistant cells than wild types, especially inducing apoptotic death. Therefore, it may be hypothesized that these polyphenols activate cell death signals by inducing apoptosis in malignant cells, resulting in the inhibition of either cancer development or progression [11] .
It is well known that an excess of ROS can be scavenged by phenolic compounds; several studies suggest that polyphenols can scavenge the constitutively high amounts of H 2 O 2 in different cancer cells, such as human epidermal keratinocytes, U-937 cells, Jurkat cells, HeLa cells and glioma cells [12] . On the other hand, polyphenols can also induce the generation of ROS achieving an intolerable level of oxidative stress in cancer cells [13] .When the critical threshold of oxidative stress has been reached, key cellular components, such as DNA, are irreparably damaged. In addition, genes involved in initiating cell cycle arrest and/or apoptosis are activated. Therefore polyphenols can either scavenge the constitutive ROS or, paradoxically, generate additional amounts of ROS to inhibit the proliferation of cancer cells [14] .
Polyphenols such as epigallocatechin-3-gallate (EGCG), quercetin, and gallic acid, can have pro-oxidant effects generating H 2 O 2 in a time-and concentration-dependent manner, when added to cell culture media, consequently provoking stressful and/or cytotoxic effects [15] . Likewise, the apoptosis induced in Ha-ras genetransformed human bronchial epithelial cells by a 24 h-treatment with 25 μM EGCG, or related tea catechins [16] , was attributed to ROS production. In our study, no direct relation to the ROS amount and the cell cycle alteration can be found, suggesting that the cytotoxic and pro-apoptotic activities may not be linked to ROS generation, at least in our experimental model and conditions. Following these considerations, our study shows that natural phenols may be cytotoxic molecules for cancer cells, and the CDDP-resistant phenotype, inhibiting selective cell cycle phases and inducing apoptosis. These results suggest that these polyphenols, exceeding the resistance to CDDP, might become interesting tools to evaluate their activity in combination with chemotherapy drugs. Furthermore our results suggest that the molecular structure of the selected natural phenols represents the basis to design more selective compounds as cell cycle inhibitors in CDDP-resistant cells. 
Experimental
Cells: The 2008 cell line was derived from human ovarian carcinoma; its parental CDDP-resistant variant (C13) was generated by in vitro selection in the presence of increasing concentrations of CDDP [17] until persistent 9-to 12-fold resistance to CDDP [18] . The A431 cell line was derived from human cervix squamous carcinoma; its CDDP-resistant variant (A431Pt) was selected by exposure to increasing CDDP concentrations for a period of 9 months [19] . The cells were routinely grown in humidified conditions of 5% CO 2 at 37°C, incubated with RPMI 1640 medium, 10% FBS, 2% glutamine and 1% pen-strep. All reagents were from Cambrex, Lonza (USA).
